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ABSTRACT
In this work, an electrospinning device for fabricating three-dimensional scaffolds was
constructed. The device can be used to produce tissue engineered scaffolds electrospun for
directing the differentiation of human induced pluripotent stem (iPS) cells into glucoseresponsive, insulin-secreting cells for diabetes treatment. Electrospinning utilizes high
electrical charge to generate nanofibers from polymers dissolved in solution. A standard
setup for such a device includes a high-voltage power source, a syringe pump, and a
grounded collector. The process works by dissolving the polymer in a volatile solvent, and
filling a syringe with the polymer/solvent mixture. Next, the syringe is locked into place in
the syringe pump, allowing for constant rates of solution output, and the power supply is
connected to the needle of the syringe. The ground connection of the power supply is linked
to a ground plate, where the electrospun polymer is collected. The electrospun scaffolds
can be affected by many factors, i.e., a) molecular weight/branching and affinity of the
polymer, b) surface tension and viscosity of the mixture, c) distance between needle and
ground plate, d) the amount of electric charge placed on needle, and e) the type of a
collector. These variables were investigated to optimize the formation of a nanofiber matrix
with specific thread diameters and pore sizes suitable for use as a tissue engineered
scaffold, specifically to promote intracellular signaling through 3D arrangement of cells
during growth and proliferation.
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Electrospun Scaffolds
for Directed Pancreatic Differentiation of Human iPS Cells
Karl Sonntag

1. Introduction
Electrospinning is the use of high electrical charges to generate nanofibers from
polymers dissolved in solution. Electrospinning has a long history, beginning with
observations made in the 1500’s. William Gilbert made and recorded observations
depicting how an electrically charged piece of amber would form a cone shape and eject
droplets when brought near a drop of water. This is the first recorded description of a
similar phenomenon to electrospinning, called electrospraying. Zeleny first quantified
this phenomenon in 1914 (Zeleny, 1914). A few years later, the technique begin to grasp
commercial purposes: in 1934, Formhals filed patents regarding the technique’s use in
producing textile yarns (Formhals, 1934), and in 1938, Rozenblum and PetryanovSokolov put it to use in production of gas mask filter elements. In the mid 1960’s, Sir
Geoffrey Ingram Taylor was able to mathematically model the shape created by the
electric field’s influence on a fluid droplet (Taylor, 1964). Since the 1990s, many
research groups have started working on electrospinning, upon the discovery that some
organic polymers could be spun into either micro- or nano-fibers.
Some of the most important recent examples of electrospinning are nanofibers
composed of collagen (Matthews, 2001), fibrinogen (Wnek, 2003), and hybrids
composed of combinations of natural protein and plastic polymers such as polyethylene
oxide (Huang, 2001). These nanofibers can be further networked or crosslinked to form
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scaffolds that are suitable for mimicking in vivo 3D environment for cell or tissue
growth. For example tissue engineered skin has been successfully grown on a collagen
scaffold. . Tissue-engineered bioartificial liver devices for treatment of acute liver failure
have also been developed, dependent on scaffolding to function (Allen and Bhatia,
2001).

Basic Principles

A typical setup for an electrospinning device includes a high-voltage power
source, a syringe pump, and a grounded collector. The process works by dissolving the
polymer in solvent, and filling a syringe with the polymer/solvent mixture (Wnek, 2002).
Next, the syringe is locked into place in the syringe pump, which allows for constant
rates of solution output, and the power supply is connected to the needle of the syringe.
The ground connection of the power supply is connected to the ground plate, where the
electrospun polymer is collected (Doshi and Reneker, 1995).
The properties of electrospun scaffolds are affected by several factors including
a) molecular weight/branching and affinity of the polymer used, b) surface tension and
viscosity of the mixture, c) the distance between needle and ground plate, d) the
amount of electric charge placed on needle, and e) the type of a collector (Wnek,
2001;Mitchell and Sanders, 2005). In this project, we have constructed an
electrospinning device with the flexibility to change and adjust these controlling factors
in order to optimize electrospinning for the purpose of fabricating a 3D scaffold for
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directed pancreatic differentiation of human iPS cells into biologically functional
pancreatic cells for islet cell transplantation.
When the solvent is pushed out of the syringe by a syringe pump, the electric
field draws the solution towards the ground plate. As the solvent is pushed/drawn out, a
Taylor cone forms (Taylor, 1964), leading to a singular fiber stream. After a certain
distance, the stream begins to fluctuate, forming the “plume,” which flails the fibers so
they are deposited in a random nature.

Figure 1 - Taylor Cone and fiber trajectory

The benefit of the random deposition of polymer on the grounded collection plate is
that it forms a 3D structure with porous architecture that mimics the natural extracellular matrix
(ECM). The natural ECM enables cells to grow, proliferate, and differentiate within it (Han and
Gouma, 2006). In emulating this natural ECM, we developed an electrospinning device to
produce tissue engineered scaffolds for directing the differentiation of human iPS cells into
glucose-responsive, insulin-secreting cells for diabetes treatment.

Materials
The device consists of the following parts:

5

Power supply: Spellman CZE100R, from Spellman High Voltage Electronics Corp,
variable voltage from 0-30kV.

Figure 2 - Spellman CZE100R High Voltage Power Supply

Figure 3 - Shows setup of syringe pump, power clip, ground plate

Custom enclosure (18” by 25” by 16”), polycarbonate, built by George Foredyce,
of the UARK Chemical Engineering Department.
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Figure 4 - Polycarbonate Custom Enclosure

Syringe pump – kdScientific KDS100.
Needles: blunt tip 18 gauge, 2” long Popper pipetting needle (luer hub)
Syringes – Beckman-Dickinson plastic 3mL and 10mL (luer tip)
Ground plates: several used, the most recent being 1” by 1” brushed aluminum,
covered with aluminum foil.
Unless otherwise noted, chemicals obtained from Fischer Scientific, USA
Polyethylene glycol (PEG), 8000 M.W.
PEO 200k M.W .
PEO 900k M.W.
Collagen – Type I, Rat Tail, Pel-Freez, Rogers AR.
HFP (Hexafluoro-2-propanol)
Ethanol, TFE (Tetrafluoro ethanol)
7

Method
Various solutions were used in the setup and calibration of the electrospinning
device. The first several runs were done with polyethylene glycol (PEG) 8000 M.W., an
inexpensive compound. These were mixed at 10-50% weight/volume % ratio, dissolved
in pure water, and ethanol-water ratios of up to 4:1.

Figure 5, Polyethylene oxide

The next set of runs were accomplished with polyethylene oxide (PEO) (200,000
MW and 400,000MW), at 4-6% w/v. These were dissolved in water, and ethanol-water
mixtures. PEO is actually the same compound as PEG, only with longer molecular chains.
PEO generally refers to polyethylene chains of above 20,000 Da. The flow rate of
polymer solution pushed out from the syringe for all runs was set between 0.3 and 3
mL/h. Voltage varied from 7.5 to 30 kV.
Each run was proceeded as follows: The solutions were prepared, and loaded
into a syringe with a blunt-ended stainless steel needle. The syringe was then locked
into place in the syringe pump. The power supply was connected to the needle by
alligator clip, and the collector plate connected to the power supply’s ground. The
required voltage was found by slowly increasing until a Taylor cone was seen, with a
steady stream emanating from it. There always seemed to be a very narrow range at
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which the voltage could be set to – too low, and a Taylor cone does not properly form,
too high and electrospraying starts to occur. Therefore the voltage was individually set
for each specific solution. This was found to be specifically related to viscosity and type
of polymer in the solution.
The spun fibers were collected on aluminum foil taped over the ground plate.
This allowed for quick removal of the mesh from the ground plate, and faster repetitions
of the experiments without necessitating a complete scrubdown of the ground plate.
Weight/volume (W/V) percentages were limited by solubility. At a certain point,
depending on the solvent and molecular weight, polyethylene solutions not only
become saturated, they start to form un-dissolvable clumps, rendering the entire batch
useless, especially with the larger molecular weight chains. Slow mixing and heat was
found to aid in the preparation of PEO solutions.
Collagen was also electrospun, dissolved in Hexafluoro-2-propanol, at
0.083g/mL, at a rate of 3mL/h(Matthews et al., 2001). In the preparation of all solutions,
samples were placed on an orbital shaker, or on a tilt plate, until solute was no longer
visible.
For testing, small samples were peeled or scraped off of the aluminum foil.
These were gold-sputtered and examined by scanning electron microscopy (SEM), using
a JEOL JSM-6335F at 5kV. Pictures were taken at several magnification levels, in order to
characterize the nature of the fibers.
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Results
Several phenomena were documented in the course of the experiments. The
balancing of the voltage output from the power supply was found to be vital in
establishing a stable nanofiber stream. If the potential between the needle and ground
plate is too high, a cohesive stream will not form. Instead, “electrospraying” occurs
(Zeleny, 1914). In electrospraying, charged droplets fly from the needle to the ground
plate. This is believed to happen due to the force exerted on the fluid by the electric
field overcoming its own cohesion and surface tension. As seen in Fig. 6,, droplets hit
the ground plate and eventually dried, leaving streaks of polyethylene.

Figure 6 - PEG 8000MW in water, 10cm, 25kV, 2mL at 2mL/hour

The length of molecular chains of the solute also seems to affect the droplet
consistency, influencing stream cohesion. Although a solution of 5 % w/v PEO 200k
M.W. can have quantitatively the same viscosity as a 30% w/v PEG 8000 M.W. solution
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(same compound, simply different chain lengths), the PEO will form a cohesive stream,
and form a threaded matrix, while the PEG may , as in the figure below, seemingly form
a solid membrane, while in reality it simply collects as a powder on the ground plate.

Figure 7 - PEG 8000MW in water, 50%w/v, 10cm, 11kv, 6.6mL at 0.3mL/hour.

Polyethylene oxide did yield successful electrospinning. In this case, solvent volatility
greatly influences the appearance of the matrix under SEM. The humidity level in relation to
solvent can affect anything from pore size to fiber formation (Ramakrishna, 2005). In varying the
mixture (and volatility) of the solvent from pure water to a 50/50% mix of ethanol and water,
the mixture produced much better results. Higher ratios of ethanol to water were not successful
due to poor solubility of PEO in ethanol – gelling tends to occur, making for an unusable
mixture. Below are figure detailing appearance of the matrix for pure water vs. the ethanol mix.
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Figure 8 – Mesh appearance of PEO 200kMW at 4% w/v in water, 10 cm distance, 12kV, 11mL at 0.48mL/hour.

As can be seen below, fibers were not formed when using pure water as a solvent. Instead, most
of the formations resemble a collection of small spheres. It is believed that this lack of fiber
formation is due to a lack of evaporation of solvent as the stream travels toward the collector
plate.

Figure 9 –SEM X1500 of PEO 200kMW at 4% w/v in water, 10 cm distance, 12kV, 11mL at 0.48mL/hour.
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Figure 10 –Mesh appearance of PEO 200kMW at 4% w/v, 50/50 water:EtOH, 10cm distance, 12kV, 10mL at
0.54mL/hour

Figure 11 – SEM X5,000 of PEO 200kMW at 4% w/v, 50/50 water:EtOH, 10cm distance, 12kV, 10mL at 0.54mL/hour

As can be seen here, the use of ethanol greatly aided in producing nanofibers. These fall in the
range from 100 to 300nm.
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Figure 12 - SEM X20,000 of PEO 200kMW at 4% w/v, 50/50 water:EtOH, 10cm distance, 12kV, 10mL at 0.54mL/hour

The use of collagen as detailed in Matthews et al. proved to produce very nice
matrices as well. Collagen was dissolved in HFP, so all experiments took place under the
fume hood. Due to HFP’s high volatility, the collected fibers were free of any clumping
or wet spots. An increase in voltage was required in order to establish a proper Taylor
cone.
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Figure 13 - Collagen in HFP - X500, 8.3 w/v %, 21.5kV, 15cm, 1mL at 3mL/hour

Figure 14 - Collagen in HFP - X5000, 8.3 w/v %, 21.5kV, 15cm, 1mL at 3mL/hour
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Discussion
The device assembled in this project has been successful in demonstrating
electrospinning of a tissue engineered scaffold. The polyethylene oxide matrices
themselves could be useful in cell culture, serving as an attachment point for cells
instead of relying on the charge placed on plastic cell culture dishes. Polyethylene oxide
has been proven safe and biocompatible in many applications, including implantation
(Shalaby and Burg, 2004).
While the main focus of this project is to master a technique, learning to
manipulate the previously mentioned variables in order to create a nanofiber matrix,
the ultimate goal is to produce a matrix with suitable properties for use as a tissue
engineering scaffold to direct pancreatic differentiation of human iPS cells into
biologically functional pancreatic cells, as well as for use in subsequent projects.
The collagen matrix created will be crosslinked with gluteraldehyde (Netwon et
al, 2009;Yang et al, 2007). This will allow the matrix to resist hydrolytic breakdown once
it is placed in cell growth medium. Type I collagen was picked due to special importance
in its role in the ECM of the pancreas. In fact, the cells that produce the ECM in the
pancreas, described as “fibroblast-like” – pancreatic stellate cells – produce 25-40 -fold
more collagen type I than type III (another major form of collagen) (Ellenrieder et al,
2004). Collagen I, together with fibronectin, are major components of the ECM. These
other compounds can be eventually co-electrospun to create a more faithful
reproduction of the ECM.
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One of the issues with the electrospinning of collagen is its high cost. To have a
mixture solely composed of collagen requires a high percentage of collagen in order to
produce a solution viscous enough to electrospin successfully. The solvent commonly
used to electrospin collagen, hexafluoro-2-propanol, is also expensive. There has been
success reported in using a mixture of PEO and collagen (Huang et al, 2001)(Szentivanyi
et al, 2009); however, there does not seem to be consensus as to whether the PEO is
truly present and embedded within the fibers created, or if it simply washes out during
subsequent treatments. We are currently experimenting with collagen-peo hybrids to
find an adequate ratio and solvent in order to achieve a clean, resilient, inexpensive
matrix. When this is done, iPS cells will be seeded into matrix and tested for their
pancreatic differentiation using a stepwise embryonic stem (ES) cell differentiation
approach. This will likely yield a more complete differentiation of the cells (Wang and
Ye, 2009).
The matrixes created using electrospinning may also prove themselves in a
different manner- the creation of iPS cells. A new method of creating iPS cells has also
been discovered recently, without the use of viral vectors. This method exposes the cell
to recombinant proteins (transcription factors), modified to cross the cell membrane,
allowing cells to revert to “stem cell state.” (Zhou et al, 2009.) One of the drawbacks to
this method is the limited amount of time the proteins are viable before degrading,
requiring constant refreshing of these proteins. Where this ties into this project is the
fact that electrospun matrixes can be used for controlled release of compounds. (Cui et
al, 2006) If we could embed the necessary transcription factor proteins into the mesh, it
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would serve to provide the cells of interest a constant supply of the necessary
transcription factors, allowing for a much simpler, quicker approach to producing iPS
cells without the risk of cancer related to viral vector use, and in the future providing a
way to replenish and replace damaged cells in vivo.
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APPENDIX - ELECTROSPINNING LOG
Parameters:
Polymer
PEG 8000 10% w/v

Solvent
water

Distance
15cm

Voltage
25kv

Rate
2mL @ 2mL/hr

Notes: Electrospraying occurred.
No cohesive Taylor cone

Polymer
PEG 8000 10% w/v

Solvent
water

Distance
10cm

Voltage
25kv

Rate
2mL @ 2mL/hr

Notes: Electrospraying occurred.
No cohesive Taylor cone
Obvious that droplets affected by electric field
made way to ground plate

Polymer
PEG 8000 20% w/v

Solvent
water

Distance
10cm

Voltage
25kv

Rate
2mL @ 2mL/hr

Notes: Electrospraying occurred.
No cohesive Taylor cone
Obvious that droplets affected by electric field
made way to ground plate, large streaks

Polymer
PEG 8000 20% w/v

Solvent
water

Distance
10cm

Voltage
25kv

Rate
2mL @ 1mL/hr

Notes: Electrospraying occurred.
No cohesive Taylor cone
Obvious that droplets affected by electric field
made way to ground plate, large streaks

Polymer
PEG 8000 50% w/v

Solvent
water

Distance
10cm

Voltage
30kv

Rate
2mL @ 2mL/hr

Notes: Electrospraying occurred.
No cohesive Taylor cone
Central pattern formed, better distribution
Assumed due to more viscous solution

Polymer
PEG 8000 20% w/v

Solvent
water

Distance
5cm

Voltage
25kv

Rate
1mL @ 2mL/hr

Notes: Electrospraying occurred.
No cohesive Taylor cone
Central pattern, with streaking

Polymer
PEG 8000 20% w/v

Solvent
1:1 EtOH/water

Distance
25cm

Voltage
25kv

Rate
0.005mL/min
0.3mL/hour

Notes:
Light haze in cicular shape
Streaking
some "flaking" - appearing solid

Polymer
PEG 8000 10% w/v

Solvent
1:1 EtOH/water

Distance
25cm

Voltage
15kv

Rate
2mL at 0.005mL/min
0.3mL/hour

Notes:
Light haze in cicular shape
Little streaking

Polymer
PEG 8000 10% w/v

Solvent
3:1 EtOH/water

Distance
20cm

Voltage
15kv

Rate
2mL at 0.005mL/min
0.3mL/hour

Notes:
Light haze in cicular shape
some solid-appearing flakes

Polymer
PEG 8000 20% w/v

Solvent
4:1 EtOH/water

Distance
15cm

Voltage
15kv

Rate
1.5mL at 0.005mL/min
0.3mL/hour

Notes:
Light haze in cicular shape
No significant streaking, as EtOH evaporates quickly

Polymer
PEG 8000 20% w/v

Solvent
4:1 EtOH/water

Distance
10cm

Voltage
7.5kv

Rate
0.5mL at 0.005mL/min
0.3mL/hour

Notes:
Smaller light haze in cicular shape
Streaking occurred in start-up

Polymer
PEG 8000 50% w/v

Solvent
water

Distance
10cm

Voltage
12.4kv

Rate
1.5mL at 0.005mL/min
0.3mL/hour

Notes:
Nice tight pattern, light circle "haze"
No electrospraying seen- much more viscous solution
Indicates stable "spinning"

Polymer
PEG 8000 50% w/v

Solvent
water

Distance
10cm

Voltage
12.7kv

Rate
7.2mL at 0.005mL/min
0.3mL/hour
(24h)

Notes:
Nice tight pattern, light circle "haze"
No electrospraying seen
very powdery, no "mesh"

Polymer
PEG 8000 50% w/v

Solvent
water

Distance
10cm

Voltage
11kv

Rate
6.6mL at 0.005mL/min
0.3mL/hour
(22h)

Notes:
Nice tight pattern, thicker circular pattern
Light electrospraying from start-up
very powdery, no "mesh"

Polymer
PEG 8000 20% w/v

Solvent
4:1 EtOH/water

Distance
10cm

Voltage
8.8kv

Rate
6.6mL at 0.005mL/min
0.3mL/hour
(22h)

Notes:
Nice tight pattern, light circle "haze"
Becoming obvious electric field is affected by
plastic ground plate mounting system
very powdery, no "mesh"

Polymer
PEG 8000 25% w/v

Solvent
water

Distance
20cm

Voltage
10kv

Rate
2mL at 0.005mL/min
0.3mL/hour

Notes:
Nice tight pattern, light circle "haze"
Still obvious electric field is affected by
plastic ground plate mounting system
started using smaller ground plate

Polymer
PEO 200k 5%w/v

Solvent
water

Distance
10cm

Voltage
10kv

Rate
7.2mL at 0.01mL/min
0.6mL/hour

Notes:
Switched to PEO 200k MW
hair-like, but solid (not powder)

Polymer
PEO 200k 4%w/v

Solvent
water

Distance
10cm

Voltage
12kv

Rate
11mL at 0.008mL/min
0.48mL/hour

Notes:
hair-like, but solid (not powder)
finally understood maximum voltage per distance 12kv is appropriate for this soln at 10cm

SEM indicates no nanofibers formed - "globs" instead

Sample "3"

Polymer
PEO 200k 6%w/v

Solvent
water

Distance
10cm

Voltage
12kv

Rate
10mL at 0.009mL/min
0.54mL/hour

Notes:
hair-like

Polymer
PEO 400k 6%w/v

Solvent
water

Distance
10cm

Voltage
12kv

Rate
10mL at 0.009mL/min
0.54mL/hour

Notes:
Significantly denser matrix (400k MW)
SEM does not indicate fibers (only globbing)

Sample "6"

Polymer
PEO 200k 6%w/v

Solvent
water

Distance
15cm

Voltage
15kv

Rate
10mL at 0.008mL/min
0.48mL/hour

Notes:
Still very globby.
Distance increase did not decrease globbyness noticeably

Sample "4"

Polymer
PEO 200k 4%w/v

Solvent
50/50 EtOH/water

Distance
10cm

Voltage
12kv

Rate
10mL at 0.009mL/min
0.54mL/hour

Notes:
1st SEM from aluminum collector
2nd scraped from ground plate
Solvent solves most of "globbiness" problem

Sample 1a

Sample 2a

Sample 1b

Sample 2b

Sample 1c
All SEM of samples prior to this notice obtained on 12-03-09

Polymer
PEO 200k 6%w/v

Solvent
water

Distance
10cm

Voltage
12kv

Rate
10mL at 0.009mL/min
0.54mL/hour

Notes:
crosslinked with 40uL Irgacure 500
under 365nm UV 2 hours
crosslinked SEM obtained on 10-20-09
rigid appearance of fibers by feel/naked eye
Much globbing present, fibers visible in around 0.5um range

SEM 1 PEO

SEM 2 PEO

SEM 3 PEO

SEM 4 PEO

SEM 5 PEO

SEM 6 PEO

Polymer
collagen 8.3%w/v

Solvent
HFP

Distance
15cm

Voltage
21.5kv

Rate
1mL at 3mL/hour

Notes: Very uniform coverage (sample from al. foil)

Cover slip was taped on center of aluminum foil. Glass of cover slip must be charged - first picture shows edge of class (more off than on)
Also, corners of glass tended to have fibers aligned in one direction - glass must be affecting electric field.

Shows relative scarcity of fibers in center of glass coverslip

Shows ground plate. Cover slip is visible in center.

